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1510Engineering of Phenylboronic Acid Based
Glucose-Sensitive Microgels with 4-
Vinylpyridine for Working at Physiological pH
and TemperatureZahoor H. Farooqi, Weitai Wu, Shuiqin Zhou, Mohammad Siddiq*Glucose-sensitive p(NIPAM-4-VP-PBA) microgels with different 4-VP content are synthesized
by the functionalization of p(NIPAM-4-VP-AA)microgels with 3-aminophenylboronic acid. The
glucose-, pH-, and thermosensitive behavior of the microgels are investigated using DLS. The
feeding content of the hydrophilic 4-VP group increases the hydrodynamic radius and volume
phase transition temperature of the resultant microgel. The effect of 4-VP content on
hydrodynamic radius and volume phase transition is
systematically studied at different pH values. The effect
of 4-VP content on the glucose sensitivity is studied at
physiological pH and temperature. The Lewis base
moiety 4-VP adjusts the working pH of the PBA-based
glucose-responsive microgel to physiological values.Introduction
There is an urgent need to develop glucose monitor in
subjects with diabetes mellitus, which represents one of the
largest health concerns of the 21st century with worldwide
prevalence.[1–3] The phenylboronic acid (PBA) group is
known to rapidly and reversibly form complexes with
glucose in aqueous solution.[4] This feature validated its
application as glucose reporting moiety in glucose-sensi-
tive polymers and microgels,[5–9] based on which optical
glucose sensors have been developed.[10–19] As shown in
Scheme 1, PBA is in equilibrium between the undissociated
(or uncharged) and the dissociated (or charged) forms in
aqueous solution. While both forms react reversibly withZ. H. Farooqi, W. Wu, S. Zhou, M. Siddiq
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form with glucose is unstable because it is highly
susceptible to hydrolysis. Previous work has shown that
most of the glucose reporter fabricated with PBA can detect
glucose in alkaline media but not at physiological pH, due to
the high pKa value of the boronic acid moiety.
[5–15] Giving
the fact that the working condition of a glucose sensor at
physiological pH and even acidic conditions (diabetic
ketoacidosis) is vital for practical application,[1,20] knowing
how to utilize different routes to design novel glucose-
sensitive microgels that can work at physiological pH is one
of the key requirements for future development in this area.
Two methods were proposed for reducing the pKa of
PBA group in order to obtain glucose-sensitivity at
physiological pH. One method is to modify the structure
of PBA groups. For example, 4-amino-3-fluorophenylboro-
nic acid and 4-(1,6-dioxo-2,5-diaza-7-oxamyl)phenylboro-
nic acid, both with pKa of 7.8, were synthesized and used for
the synthesis of glucose-sensitive hydrogels operating at
physiological pH.[12,21] In a second approach, amino groups
were incorporated into a PBA-containing polymer, which


























Scheme 1. Complexation equilibrium between PBA derivative and
D-glucose.
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www.mcp-journal.deLewis acid/base interaction (Bd–Ndþ) between the elec-
tron-deficient boron atom in PBA group and the electron-
rich nitrogen atom in amide group.[22] If a strong
intramolecular Bd–Ndþ bond can be generated, then such
PBA-based microgels would bind with glucose at
physiological pH. In fact, the incorporation of positively
charged (3-acrylamidopropyl)trimethylammonium chlor-
ide (ATMA) into the PBA-based hydrogel holographic
sensors has demonstrated a faster responsive time
(t1/2 < 10 min) and a less pH-dependence in the
physiological pH range.[10,11] The solvolysis of the PBA
groups may also be enhanced in the presence of amide
groups.[23] However, it is difficult to copolymerize the
cationic quaternary amine-based monomers into a micro-
gel synthesized from precipitation polymerization method.
Here in, we presented a new type of glucose-sensitive
copolymer microgels of poly(N-isopropylacrylamide-4-
vinylpyridine-3-acrylamidomethylphenylboronic acid)
[p(NIPAM-4-VP-PBA)]. 4-VP moiety has an appropriate
pKb of about 5.4.
[24] We demonstrated that the Lewis base
4-VP moiety, rather than a cation like ATMA, can be used to
adjust the working pH of the PBA-based glucose-sensitive
microgels to physiological pH. The glucose-sensitive
microgels synthesized here have the potential to be used
for the fabrication of a glucose sensor with a rapid
responsive time and a self-regulated insulin delivery
carrier.Experimental Section
Materials
N,N-methylenebis(acrylamide) (BIS) was obtained from Acros, and
all other chemicals were purchased from Aldrich. N-Isopropyl-
acrylamide (NIPAM) was recrystallized from hexane-toluene (1:1
volume ratio) mixture and dried in a vacuum. Acrylic acid (AA) was
purified by distillation under reduced pressure to remove hydro-
quinone inhibitor. 4-Vinylpyridine (4-VP) was purified with neutral
Al2O3.a,a’-Azodiisobutyramidine dihydrochloride (AAPH), 3-amino-
phenylboronic acid (3-APBA),N-(3-dimethylaminopropyl)-N-ethyl-
carbodiimide hydrochloride (EDC), D(þ)-Glucose, and BIS were used
without further purification. The buffer solutions were prepared
with Potassium phosphate dibasic anhydrous (K2HPO4, Fluka) andwww.MaterialsViews.com
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all reactions, solution preparation, and polymer purification was
distilled, purified to a resistance of 18.2 MV cm (Barnstead E-Pure
system), and filtered through a 0.2mm filter to remove particulate
matter.
Synthesis of p(NIPAM-4-VP-AA) Microgels
Poly(NIPAM-4-VP-AAc) microgels were prepared by free radical
precipitation polymerization. 1.3805 g [(90 – X) mol-%] NIPAM,
0.1175 g (5 mol-%) BIS, 0.11 g (10 mol-%) of AAc, 0.0844 g (X mol-%)
VP was dissolved in 97 mL of distilled water in a three-necked round
bottom flask equipped with a condenser and nitrogen gas inlet. The
total numbers of moles of the components used in all samples of
microgel were kept constant at 0.01525. The reaction mixture was
heated at 70 8C under Nitrogen purge. After 1 h, polymerization was
started with 3 mL of AAPH (0.0108 g dissolved in 5 mL of aqueous
solution) at 70 8C with stirring and continued for 5 h. The resulting
polymer microgels were refined by dialysis followed by centrifuga-
tion (20 000 rpm for 20 min at 27 8C using Thermo Electron Co.
Sorvall RC-6 PLUS super speed), decantation, and finally dispersed
in 100 mL deionized water. The resultant microgel was further
purified by 6 d of dialysis (Spectra/Por molecular porous membrane
tubing, cutoff 12 000–14 000) against very frequently changed
water at room temperature to remove unreacted monomers. This
p(NIPAM-4-VP-AAc) microgel sample had a feeding contents of 10
mol-%AA, 5 mol-% 4-VP, 5 mol-% BIS, and 80 mol-% NIPAM.
Microgels with 4-VP contents of 1 and 10 mol-% were synthesized
using the same procedure but with different feeding amounts of 4-
VP and NIPAM monomers. Feed composition of p(NIPAM-4-VP-AA)
microgel particles is given in Table 1.
Synthesis of p(NIPAM-4-VP-PBA) Microgels
The PBA functionalized p(NIPAM-4-VP-PBA) microgels were
synthesized via the EDC catalyzed coupling of 3-APBA to COOH
groups in AA units. First, 0.1418 g APBA and 0.1418 g EDC were
dissolved in 90 mL of water. The solution was cooled in an ice bath,
and then 10 mL of purified p(NIPAM-4-VP-AA) microgels were
added. The reaction was allowed to proceed for 5 h in ice water bath.
The resultant products were purified by dialysis against very
frequently changed water for at least 1 week.
Dynamic Laser Light Scattering
The hydrodynamic radius (Rh) of the microgels was measured using
a 90Plus particle size analyzer (Brookhaven Instrument, Inc.) at an
angle of 908. A He-Ne laser (35 mW, 659 nm) was used as the light
source. The diluted microgel dispersions were passed through
0.80mm Millipore Millex-HV filters to remove dust before dynamic
light scattering (DLS) measurements. The correlation functions
were analyzed by the constrained regularized CONTIN method to
obtain distribution decay rates (s). The decay rates gave the
distribution of the apparent diffusion coefficient Dapp¼G/q2 with
the scattering vector, q¼4p n/l sin u/2 where n is the refractive
index of water. The hydrodynamic radius, Rh can be calculated by
using the Stokes-Einstein equation (Rh¼ kBT / 6phD) wherekB is the
Boltzmann constant, h is the viscosity of water at absolute
temperature T and D is the diffusion coefficient.11, 212, 1510–1514
H & Co. KGaA, Weinheim
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G1 NIPAM 1.4552 128.1 0.01525 84
4-VP 0.016 1.525 1
AA 0.1099 15.25 10
BIS 0.1175 7.625 5
G5 NIPAM 1.3805 122 0.01525 80
4-VP 0.0802 7.625 5
AA 0.1099 15.25 10
BIS 0.1175 7.625 5
G10 NIPAM 1.2943 114.375 0.01525 75
4-VP 0.1603 15.25 10
AA 0.1099 15.25 10
BIS 0.1175 7.625 5
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Synthesis
The synthesis of the glucose responsive polymer microgels
is shown in Scheme 2. Two different methods can be used to
introduce glucose-sensitive PBA units into the microgels.
One is to use the 3-(acrylamido)phenylboronic acid as the
starting comonomer to synthesize the microgels. However,
the 3-(acrylamido)phenylboronic acid is not available and
need to be synthesized through the reaction between 3-
APBA with acryloyl chloride. In our group, we have
established the method by inserting PBA units after the
polymerization for microgels.[5,15,19] The coupling effi-
ciency of 3-APBA to the –COOH groups of the microgels
were confirmed by using IR analysis in our previous work
which indicated that the –COOH groups in the microgels
almost completely reacted with the 3-APBA.[25]Effect of 4-VP Content on the pH Sensitivity of
p(NIPAM-4-VP-PBA) Microgels
Figure 1 shows the pH-induced volume phase transitions of
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Scheme 2. Synthesis of p(NIPAM-4-VP-PBA) microgel from
p(NIPAM-4-VP-AA) microgel.
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tion of pH-responsive 4-VP (pKb  5.4) and PBA (pKa  8.9)
moieties into the microgels resulted in a clear pH-
dependent phase behavior. The microgels swell up at
the pH values either below the pKb of 4-VP or above the pKa
of PBA moieties due to the ionization of these functional
groups that build up the Donnan potential.[26] Interestingly,
the swelling onset pH values corresponding to the
ionization of PBA moiety, significantly depends on the
content of 4-VP in the microgels. The microgels, prepared
with a low feeding content of 4-VP, started to swell at
pH> 8.0. In contrast, the microgels synthesized with higher
feeding amount of 4-VP (e.g., >5 mol-%) demonstrated a
swelling onset at lower pH values in the range of 7.0–7.5.
The decrease in pKa of the PBA moiety is clearly associated
with the incorporation of 4-VP into the microgel network
chains.Effect of 4-VP Content on the Thermosensitivity of
p(NIPAM-4-VP-PBA) Microgels
The volume phase transition temperature (VPTT) of
copolymer microgels depends on the counterbalance of
hydrophilicity and hydrophobicity of the microgels. It is
well known that the copolymerization with a hydrophilic
monomer increases the VPTT of pNIPAM, while the
copolymerization with a hydrophobic monomer decreases
its VPTT.[27] Figure 2 shows the temperature-induced
volume phase transition of the p(NIPAM-4-VP-PBA) micro-
gels containing different amount of 4-VP. The results
indicates that the incorporation of 4-VP not only signifi-
cantly increase the VPTT, but also increases the
swelling degree of the microgels. The microgels consisting
of 1, 5, and 10 mol-% 4-VP show volume phase transition11, 212, 1510–1514
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Figure 1. pH dependence of average Rh values of the p(NIPAM-4-
VP-PBA) microgels with different feeding amount of 4-VP,
measured at T¼ 22 8C.
Figure 2. Temperature dependence of average Rh of the p(NIPAM-
4-VP-PBA) microgels with different feeding amount of 4-VP in
5.0 103 M phosphate-buffered saline of pH¼ 7.4.
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www.mcp-journal.deat pH¼ 7.4 approximately at 32, 35, and 37 8C,
respectively. Two factors should be considered to explain
the effects of 4-VP moieties on the VPTT and swelling
degree of the p(NIPAM-4-VP-PBA) microgels. One is that
the good solubility of 4-VP moiety in water can increase
the hydrophilicity of microgels. Another is the 4-VP
induced decrease in pKa of the PBA moieties (Figure 1)
can make the microgels more hydrophilic due to the
partial ionization of PBA groups at physiological pH.
Therefore, the modification with 4-VP has led to PBA-
based microgels displaying not only a pKa close to the
physiological pH but also a moderate hydrophilicity at
physiological temperature.Figure 3. Glucose dependence of average Rh of the p(NIPAM-4-VP-PB
amount of 4-VP at pH¼ 7.4; (B) with 5 mol-% 4-VP at different pH.
www.MaterialsViews.com
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Figure 3A shows the glucose-induced swelling curves of the
p(NIPAM-4-VP-PBA) microgels, in terms of the Rh change
measured at physiological pH and temperature. With an
increase in glucose concentration, the binding of glucose to
the PBA moieties increases the charge density on the
microgel, thus builds up a Donnan potential for the
microgel to swell steadily. Importantly, the glucose-
induced swelling ratio of the microgels depends on the
feeding content of 4-VP in the microgels. The increase in the
4-VP content can significantly increase the swelling ratio of
the microgels under physiological condition. Although theA) microgels in 5.0 103 M PBS at 37 8C: (A) with different feeding
11, 212, 1510–1514




Z. H. Farooqi, W. Wu, S. Zhou, M. Siddiq4-VP moiety is not glucose sensitive, the incorporation
of 4-VP into the gel network chains stabilizes the
PBA/glucose complexes through the Lewis acid/base
interactions between the electron-deficient boron atom
of PBA and the electron-rich nitrogen atom of 4-VP
moieties, which lowers the pKa of PBA groups in the
microgels. Figure 3B shows that the swelling ratio of
the p(NIPAM-4-VP-PBA) microgels has no significant
dependence on the pH values from 7.4 to 8.1, which is
in good agreement with the previous report in the
hydrogel holographic sensors containing cationic
quaternary amine moieties.[10,11] The reaction of glucose
with boronic acid is unique since the covalent bonds
formed between the boronic acid and cis-diols are
reversible.[4] As glucose is removed from the bathing
medium of the microgels by dialysis against very
frequently changed water, the content of boronate
anions in the gel phase is decreased, and the microgel
network chains contract. According to the standards of
American Diabetes Association, normal fasting blood
glucose is below 5.5 103 M (100 mg dL1). A person
with a fasting blood glucose level between 5.5 and
6.9 103 M (100 and 125 mg dL1) belongs to pre-diabetes.
If the blood glucose level rises to 7.0 103 M (126 mg dL1)
or above, a person has diabetes. The results in Figure 3
indicate that our p(NIPAM-4-VP-PBA) microgels exhibit
high glucose sensitivity in the physiologically important
glucose concentration range.
Conclusion
We reported a new type of glucose sensitive microgels
based on the rationally designed copolymer of p(NIPAM-4-
VP-PBA). The incorporation of the 4-VP moiety into the PBA-
based copolymer microgels can significantly reduce the pKa
of the PBA moiety, increase the VPTT, and thus enhance the
glucose sensitivity at physiological pH and temperature
conditions. The current results suggest that the p(NIPAM-4-
VP-PBA) microgels and the design method show great
potential for the development of glucose sensors for use in
physiological media.Acknowledgements: The authors gratefully acknowledge the
financial support from the HEC-USAID under the US/Pakistan
Science and Technology Cooperative Program.
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